J o u r n a l P r e -p r o o f Journal Pre-proof 2 Cisplatin, a commonly used chemotherapy drug, can increase the survival rate of cancer patients. However, it often causes various side effects, including neuronal deficit-induced cognitive impairment. Considering that curcumin is effective in neuronal protection, the action of curcumin on cognitive improvement was evaluated in cisplatin-treated C57BL/6 mice in the present study. Our results first showed that curcumin restored impaired cognitive behaviors. Consistent with this, neurogenesis and synaptogenesis were improved by curcumin.
Recently, mitochondria, the energy factories of the cell, have received increasing attention as a target for the treatment of many diseases. Damaged mitochondria can trigger inflammation, apoptosis and autophagy, which are related to cognitive impairment (Ejlerskov et al., 2015) . The side effects induced by cisplatin are associated with mitochondrial gene alteration (Vichaya et al., 2016) . Mitochondrial dysfunction in neurons is an underlying cause of cisplatin-induced cognitive impairment (Chiu et al., 2017) . In addition, a previous study showed that curcumin decreased cisplatin-induced toxicity in the brain through the enhancement of mitochondrial lipid peroxidation levels and protein carbonyl content (Waseem and Parvez, 2013) . However, little is known about the autophagy-related mechanisms in chemotherapy-induced cognitive impairment.
During chemotherapy, cisplatin could promote both apoptosis and autophagy in ce lls (Pisanu et al., 2017) . This induced apoptosis plays a dominant role in inhibiting cell proliferation. Autophagy is inhibited and thus cannot provides sufficient protein turnover, which might restrict neurogenesis. Therefore, in the present study, we established a mouse model of cisplatin-induced cognitive impairment and assessed the cognitive changes after curcumin administration. Moreover, to evaluate whether autophagy enhancement was required for the curcumin-induced cognitive improvement of mice receiving chemotherapy, The mice were divided into four groups by computer based randomization (n=15): the control-vehicle group, the control-curcumin group, the cisplatin-vehicle group, and the cisplatin-curcumin group. To further determine whether curcumin improved cognitive impairment by promoting autophagy, we conducted follow-up experiments. The mice were randomly divided into five groups by computer based randomization (n=15): the control-vehicle group, the cisplatin-vehicle group, the cisplatin-curcumin group, the 3-MA-cisplatin group and the 3-MA-cisplatin-curcumin group. Cisplatin (2.3 mg/kg, dissolved in PBS) or vehicle (PBS) was intraperitoneally (i.p.) injected for 3 cycles consisting of 5 daily injections followed by 5 days of rest according to a previous study (Zhou et al., 2016) . The total cumulative dose of cisplatin was 34.5mg/kg. Curcumin was dissolved in PBS containing 0.5% carboxymethylcellulose. PBS containing 0.5% carboxymethylcellulose was used as a vehicle. Curcumin was orally administered at a dose of 100 mg/kg 1 h prior to cisplatin treatment. Intracerebral ventricle (icv, 0.6 mm posterior, 1.5 mm right lateral, 1.5 mm ventral to the bregma) injection (5 μL) of 3-MA (dissolved in artificial cerebrospinal fluid, at a dosage of 100 nmol/day) or vehicle (artificial cerebrospinal fluid) was performed 1 h prior to curcumin and cisplatin treatment. The ICV injection was performed under light isoflurane inhalation. The dose of curcumin was selected as 100 mg/kg curcumin since that alleviated cognitive deficits in mice (Wu et al., 2017) .
In the present study, we mainly evaluated cognitive impairments including deficits in exploration, recognition memory and spatial memory in cisplatin-induced mice.
Open-field test
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Open field test was used to assess exploration between 9:00 a.m. and 1:00 p.m. during the light cycle to avoid the circadian-related fluctuation. All the animals are transferred to the testing room in their home cages and left there to habituate for 60 min. Mice were placed in the corner of a wooden box (40 ×40 × 30 cm, Jiliang Software Technology, Shanghai, PR China), and the number of instances of crossing (squares crossed with all paws, assessment of the drive to explore a novel environment) and rearing (raising the forepaws, assessment of the presence of potential environmental dangers) was recorded in a 5 min session. After each test session, 70% ethanol was used to clean the box thoroughly. The test session was recorded by video and was scored by an observer blind to treatment.
Novel object recognition test
Novel object recognition test was used to assess recognition memory and was performed in the experimental arena (44× 40×40 cm, Jiliang Software Technology, Shanghai, PR China) in a sound-attenuated room with dimmed illumination. The test was performed between 9:00 a.m. and 1:00 p.m. during the light cycle to avoid the circadian-related fluctuation. All the animals are transferred to the testing room in their home cages and left there to habituate for 60 min. The experiment was divided into three parts: adaptation period, familiarization period and test period. Mice were individually habituated to the arena for 5 min during three consecutive days after the last cisplatin injection. On the fourth day, two identical objects (Colorful cube Lego bricks) were placed onto the floor of the arena, and each mouse was J o u r n a l P r e -p r o o f Journal Pre-proof allowed to explore the arena for 5 min. The fifth day was the test period; one object was replaced with a new object of a different color and shape (Grey pyramid Lego bricks) in the same position, and then, mice were placed into the arena for 5 min to explore. The recognition index was calculated as the exploration time of the novel obje ct divided by the total exploration time of both objects. After each test session, 70% ethanol was used to clean the arena thoroughly. The test session was recorded by video and was scored by an observer blind to treatment.
Morris Water Maze test
Morris Water Maze test was used to assess spatial memory between 9:00 a.m. and 1:00 p.m. during the light cycle to avoid the circadian-related fluctuation. All the animals are transferred to the testing room in their home cages and left there to habituate for 60 min. Mice were placed in an apparatus (Jiliang Software Technology, Shanghai, PR China) consisting of a circular pool (120 cm diameter and 60 cm deep) filled with water to a depth of 30 cm. Visual cues (posters, door, shelf and table) outside the pool were held constant. The Morris water maze test lasted five days, including 4 days of place navigation training and a spatial probe test on day 5. A platform (10 cm in diameter) was submerged 1 cm under the water in the midpoint of one of four identical quadrants. For the first 4 days, the mouse was placed in the water in the middle of the quadrant and allowed to freely explore for 90 seconds. The time when the mouse successfully landed on the hidden underwater platform, i.e., the escape latency, was recorded. Boarding the hidden platform for 10 seconds within 90 seconds was J o u r n a l P r e -p r o o f Journal Pre-proof regarded as a successful boarding of the platform; if the mouse failed to successfully board the platform, it was manually guided to the platform for 10 seconds, and the latency was recorded as 90 seconds (Xiong et al., 2008) . The fifth day was a space exploration experiment: the underwater quadrant was removed from the target quadrant. The mice were placed in the pool at the midpoint of the contralateral quadrant, and the number of mice crossing the original hidden platform position within 90 seconds was recorded. The test session was recorded by video and was scored by an observer blind to treatment.
Autophagy Assays
Three mice were randomly selected for autophagy assays. Mice were immediately anesthetized with chloral hydrate (0.35 g/kg) and then sacrificed by intracardial perfusion with PBS followed by an ice-cold 4% polyoxymethylene mixture. The hippocampus was carefully dissected from each hemisphere, and a section approximately 1 mm 3 was cut and then quickly fixed in 2.5% glutaraldehyde for 4 h. The hippocampal tissue was washed twice for 15 min with 0.1 M phosphate buffer, fixed with 1% osmic acid for 1 h, flushed with 0.1 M phosphate buffer, acetone dehydrated three times, soaked in epoxy resin 618 for 2-3 h after embedding, and finally subjected to oven polymerization. Thin sections (50 nm) were cut on a Reichert Ultracut E microtome and stained with uranyl acetate and lead citrate for observation at 80 KV under a JEM-1010 transmission electron microscope. Four sections from each mouse were randomly chosen for observation.
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Western blotting
Six mice were randomly selected for hippocampus dissection. The tissues of hippocampus in each hemisphere were carefully dissected and frozen in liquid nitrogen. One hemisphere was stored for PCR and the other hemisphere was stored for western blotting.
Four from the six stored hemispheres were used for protein detection. Briefly, hippocampus samples were homogenized in lysis buffer and incubated on ice for 15 min. The homogenates were centrifuged at 12,000 × g for 5 min at 4 °C, and the supernatants were collected. The protein concentration was determined by a BCA assay. The proteins were separated by SDS-PAGE and transferred to a PVDF membrane. Following blocking in 5% skimmed milk powder in TBST at room temperature for 1 h, the membranes were incubated with the appropriate primary antibodies at 4 °C overnight (anti-LC3B: 1:1000, anti-p62: 1:2000, anti-Bcl-2: 1:500, anti-Bax: 1:2000, anti-Bim: 1:1000, and anti-β-actin: 1:5000). After the membranes were washed three times with TBST, the membranes were incubated with an HRP-labeled secondary antibody (1:2000). The blots were again washed three times with TBST buffer, and the immunoreactive bands were detected using an enhanced chemiluminescence method. The relative intensity of target protein normalized to β-actin was analyzed by ImageJ software.
Immunofluorescence
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Journal Pre-proof Three mice were randomly selected and were immediately anesthetized with chloral hydrate (0.35 g/kg) and then sacrificed by intracardial perfusion with heparinized 0.9% saline followed by ice-cold 4% paraformaldehyde. The brains were removed, postfixed with 4% paraformaldehyde for 24 h and incubated with 10%, 20%, and 30% sucrose solution at 4 °C until the brain lost buoyancy Then, the brain was embedded in OCT and stored at -80 °C.
Briefly, 15-μm-thick sections were incubated with a blocking buffer (1× PBS/5% normal goat serum/0.3% Triton X-100) for 1 h. Then, the sections were incubated in 4% PFA for 48 h at 4 °C. After washing with PBS, the sections were immersed in 0.3% PBST (Triton-X 100) for 10 min. The sections were incubated with the following primary antibodies overnight in PBS at a 1:500 dilution factor at 4 °C: doublecortin (DCX), p62 and LC3B. After washing with PBS, DAPI was used for nuclear staining. Later, the sections were observed under a Leica (Wetzlar, Germany) TCS SP5 confocal microscope. Examination was performed in dentate gyrus. Four images were randomly chosen for each mouse and their average was used for analysis. Every DCX+, p62+ and LC3B+ cells within the image was counted. The quantitative evaluation was performed by an observer blind to treatment.
Golgi staining
Three mice were randomly selected for Golgi staining. The brains were removed and stored for 14 days in Golgi-Cox solution, followed by 3 days in 30% sucrose solution.
Coronal sections 50 mm thick of regions to be studied were obtained using a vibratome.
Sections were then treated with ammonium hydroxide for 30 min, followed by 30 min in J o u r n a l P r e -p r o o f Journal Pre-proof Kodak Film Fixer, and finally rinsed with distilled water, dehydrated and mounted in a resinous medium. During morphological analysis, three pyramidal neurons in CA3 subregion of each hemisphere were selected on three slices at A/P levels (Bregma -2.06 mm, -2.46 mm, -2.80 mm approximately) according to the brain diagram of mouse (Franklin and Paxinos, 2008) . All protrusions were considered as spines only if they were in direct continuity with the dendritic shaft, so the numbers of branch from the dendritic trees were quantified tracing.
The dendritic spine density in the CA3 subregion of the hippocampus was expressed as the number of spines per 10 micrometer of dendritic length. The quantitative evaluation was performed by an observer blind to treatment. Hippocampus CA3 subregion was selected for analysis because the number of dendritic spines in CA3 subregion are the most vulnerable in cognitive impairment mice induced by stress and corticosterone, as compared with that in CA1 and DG subregions (Sousa et al., 2000) .
Statistical analyses
All data are expressed as the mean ± SEM. Data were verified as normally distributed using the Kolmogorov-Smirnov test prior to ANOVA. Data were analyzed using a two-way ANOVA followed by Tukey's post hoc test to compare differences between any two groups using GraphPad Prism 7. A value of P<0.05 was considered statistically significant.
Results
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The effects of curcumin on mouse behavior
As shown in Fig. 1A, B, Additionally, neither crossing number nor rearing number was altered by curcumin in the control groups.
As shown in Fig. 1C , cisplatin significantly decreased the recognition index [p<0.01] in mice. Curcumin significantly increased the recognition index induced by cisplatin [p<0.05].
Additionally, curcumin did not significantly alter the recognition index in the control animals.
The effects of curcumin on spatial learning and memory were evaluated in the Morris water maze test. During the navigation training, the escape latency was defined as the time spent by the mice to find the hidden platform. As shown in Fig. 1D , from the second day to the fourth day, the mice in the cisplatin group required more time to find the hidden platform as compared with that in the control group [Day 2: p<0.01, Day 3: p<0.01, Day 4: p<0.01].
Compared to the mice in the cisplatin-vehicle group, the mice in the cisplatin-curcumin group required a shorter amount of time to find the platform from the third and fourth days [p<0.01, p<0.01, respectively]. Additionally, compared to the control-vehicle group, no significant
The effects of curcumin on hippocampal neurogenesis and synaptogenesis in mice receiving chemotherapy
As shown in Fig. 2, cisplatin Additionally, the hippocampal LC3BII/LC3BI ratio and p62 levels were unchanged by curcumin in the control group.
In parallel to protein levels, as shown in Fig. 4D , E, the immunofluorescent images showed that cisplatin induced a decrease of LC3B [p<0.01] and increase of p62 [p<0.01] in mice, which were reversed by curcumin [LC3B: p<0.05; p62: p<0.05].
The effects of curcumin on the Akt-mTOR and AMPK-JNK signaling pathways
The effects of 3-MA on hippocampal neuron autophagy in mice
As shown in Fig. 9A, compared with the cisplatin-curcumin group, the number of autophagic vesicles significantly decreased in the 3-MA-cisplatin-curcumin group, confirming the effects of 3-MA in the present experiment.
The western blot indicated that pretreatment with 3-MA significantly decreased the hippocampal LC3BII/LC3BI levels (Fig. 9B) [p<0.01] and increased the p62 levels (Fig. 9C) [p<0.01] in the cisplatin-curcumin mice.
In parallel to protein levels, as shown in Fig. 9D , the immunofluorescent images showed that pretreatment with 3-MA significantly blocked the increase in LC3B [p<0.01] and decrease in p62 [p<0.01] in cisplatin-mice treated with curcumin.
Discussion
In the present study, our results not only demonstrated that curcumin could reverse the cognitive impairment induced by cisplatin but also demonstrated the effects of curcumin on autophagy during the treatment. To the best of our knowledge, this is the first study investigating the mechanism of autophagy in cognitive improvement during chemotherapy.
Autophagy is a process of digestion and degradation of cellular organelles and proteins that are damaged, misfolded or aging. Generally, autophagy is active at basal levels in the brain, and it is beneficial for neurons to remain stable under normal physiological conditions.
In the present study, cisplatin inhibited neurogenesis and decreased synaptogenesis in the J o u r n a l P r e -p r o o f hippocampus, which caused cognitive impairment in mice receiving chemotherapy. The results suggested that the lack of neurogenesis and synaptogenesis during cisplatin treatment was induced by excessive apoptosis, which resulted in neuronal death. This finding is consistent with previous studies showing that cisplatin promotes cell death by increasing the levels of several proapoptotic proteins and inhibits neurogenesis by decreasing the levels of several antiapoptotic proteins in the hippocampus (Lei et al., 2012; Lindqvist et al., 2014; Manohar et al., 2014; Zhang et al., 2006) . In contrast, consistent with previous studies showing that cisplatin induced autophagy in several cancer cells (He et al., 2015; Lin and Li, 2015; Zhang et al., 2017) , our present study also indicated that cisplatin partially increased autophagy and thus allowed degradation and recycling of cellular components; however, this effect could not compensate for the loss by apoptosis. On the other hand, curcumin partly inhibited apoptosis levels by increasing Bcl-2 levels and decreasing Bax and Bim levels, and further promoted autophagy (evidenced by mitochondrial morphology, LC3, and p62) in the hippocampus, consistent with previous studies showing curcumin-induced autophagy (Aoki et al., 2007; Han et al., 2012; Jiang et al., 2013) . Thus, the results of our study indicate that curcumin maintains neurogenesis and synaptogenesis by enhancing autophagy, which can mediate the improvement of cognitive function.
A growing amount of evidence indicates that the ER stress signaling pathway is involved in the regulation of autophagy (Ahumada-Castro et al., 2018; Yang et al., 2018) . We therefore investigated changes in the ER stress-mediated ATF4-Akt-mTOR signaling pathway in the hippocampus. The results demonstrated that cisplatin caused ER stress and then upregulated ATF4 levels, which in turn inhibited Akt-mTOR phosphorylation and finally increased J o u r n a l P r e -p r o o f Journal Pre-proof autophosphorylation. In addition, activation of ER stress can also induce apoptosis. In contrast, our results showed that curcumin activated the AMPK-JNK signaling pathway, which enhanced autophagy through further inhibition of Akt-mTOR signaling and inhibited apoptosis by modulating Bcl-2 levels. These results highlight this pathway as a crucial mediator of curcumin-induced autophagy in the hippocampus during chemotherapy.
There is evidence that inflammation and autophagy are interrelated. The autophagic degradation of cellular constituents eliminates dysfunctional or damaged mitochondria, thus counteracting cellular degeneration and dampening inflammation. A previous study indicated that the removal of intracellular endogenous damage-associated molecular patterns (DAMPs) by autophagy can reduce inflammasome and cytokine synthesis and subsequently inhibit inflammation activation (Sun et al., 2017) . In contrast, inflammation can also stimulate autophagosome formation directly or indirectly. Autophagy proteins directly interact with nucleotide oligomerization domain-like receptor (NLR) domains and trigger a mechanism for direct NLR regulation of autophagy (Sun et al., 2017) . To test whether cisplatin-induced autophagy was induced by inflammation, we measured inflammation-related gene expression in the hippocampus. However, we could not find any evidence that inflammation was induced by either cisplatin or curcumin in the hippocampus, as the expression of IL-1β, IL-6 and TNF-α was not changed (Fig.S1) . Notably, these results are consistent with a recent study showing that cisplatin does not cause neuroinflammation in the brain (Chiu et al., 2017) . To further confirm the independence of inflammation in cisplatin-induced cognitive impairment, we further detected microglial activation by using the same slice during neurogenesis evaluation. The results showed that although curcumin reversed the reduction of J o u r n a l P r e -p r o o f Journal Pre-proof DCX-positive cells in the dentate gyrus induced by cisplatin, administration of cisplatin or curcumin did not exert any effects on the number of Iba1-positive cells. In this respect, it is a rational interpretation that the increase in autophagy induced by both cisplatin and curcumin was neuroinflammation independent. It can also be speculated that neuroinflammation is not the key factor in cisplatin-induced cognitive impairment.
To further prove that curcumin improves cognitive impairment in cisplatin-treated mice by enhancing autophagy, mice were pretreated with the autophagy inhibitor 3-MA to investigate whether autophagy inhibition abolished the effects of curcumin on neurogenesis and thus affected the curcumin-induced cognitive improvement. First, we verified that 3-MA had no influence on the levels of Bcl-2, Bax and Bim, which was consistent with the finding that 3-MA did not interfere with the apoptotic process Wang et al., 2016) . Next, we found that 3-MA completely prevented the curcumin-induced improvement in the cognitive-related behavioral tests. In addition, we observed that curcumin administration increased autophagy in the hippocampus of cisplatin-treated mice, whereas 3-MA inhibited this phenomenon. In accordance with the changes in autophagy, 3-MA also abolished the curcumin-induced enhancement of neuronal proliferation and synapse development in the hippocampus. Taken together, these results indicate that autophagy enhancement is involved in curcumin-induced cognitive recovery. 
Figure legends
